is given in fig. 2 , Plate 8. That section of the tube containing the windows was constructed from a bar of stainless steel of rectangular cross-section, 5 cm by 6 • 5 cm, and 37 cm long. A hole 2 • 5 cm in diameter was drilled on an accurately centred line in this block, so forming the explosion tube. The metal on each of the wider faces of the steel bar was milled away, except towards each end, until the explosion tube was encountered; the final milling was then carried out carefully so that sharply edged slits, 4 mm wide and 30 cm long, were formed along opposite sides of the tube. A side view of the resulting tube is shown at V in fig. 1 . Two window frames were constructed of exactly the same shape and size as the portions milled away, so that with these frames in position, as at W in fig. 1 , the bar was once more of rectangular cross-section. Bevelled slots were cut in the frames to coincide internally with the slits in the tube. These slots were not made continuous, but were divided into Q I ■ ---W~' equal lengths by two bars which served as ties, and as reference marks on the photographic records. The windows consisted of flat strips of cellophane, a strip 2 cm wide (thickness 0*2 mm) being placed over each slot and secured along its sides by adhesive tape. The window frames were then secured in position, after which the ends of the cellophane strips were also sealed with adhesive tape. When closed at both ends, the explosion tube held a vacuum, and the windows were sufficiently strong to withstand the explosion, and occasionally even the detonation, of gaseous mixtures. This part of the explosion tube will be referred to in future descriptions as the " steel section."
Special brass end-pieces were made, the one at T carrying a tap for evacuating and filling the vessel, the one at F insulated wires for use as a spark gap. When the igniting spark was to be passed at a point close to the end of the tube, two wires were used, as shown in fig. 1 , the gap being then 3 mm from the end. When the spark was desired some distance away, the end-piece used carried a single insulated wire of suitable length placed away from the axis of the tube so as not to be visible through the windows; the end of this wire was pointed and bent over so as to terminate close to the wall of the tube, and the spark passed from the point to the wall. M ost of the end-pieces were so constructed that the inner surface, forming the end of the explosion tube, coincided with one end of the windows. The ends were secured by studs and were made gas-tight by machining the faces of the flanges which were greased before the endpieces were placed in position. In addition, the steel section could be attached at either end to flanged extension tubes of brass similar to the one shown at E. Pairs of dowel pins, not shown in fig. 1 , provided for the accurate alignment of the various units.
I n t e r p r e t a t io n o f M o v i n g -fil m R e c o r d s
The first attempt to deduce the behaviour of shock or sound waves in exploding gas mixtures from direct photographs appears to have been that made by von Oettingen and von Gernet.* Their interpretation of the records obtained, using a stationary film and a revolving mirror, was shown later by D ixonf to be incorrect, and he developed a system of deduction which he applied to his own records, obtained with a moving film. In his system the speed of a shock wave was usually assumed to be equal to that of sound in the gas mixture, and its history was deduced from its visible effects on the flame. Valuable as direct photographic records are for depicting the wave movements through the hot and luminous gases, they give but little information about the passage of the waves through the unburnt gas, their speeds and, often, their points of origin being unknown.
The wave-speed camera affords a means of obtaining the missing information. For a general explanation of the type of Schlieren records obtained reference should be made to a previous paper. £ It may be pointed out that in all the records reproduced in the present paper the initial flame travels from right to left and the film travels upwards. Thus the distance scale is horizontal, reading from the right, and the time scale is vertical, reading downwards. The distance scale is constant, except in figs. 35 and 36, representing a length of 30 cm, but the time scale (speed of movement of the film) has been varied according to the speed o f the flame. The distance between successive marks placed to the right o f each record represents a time interval of 1 millisecond. The left-hand side of each record usually corresponds with one closed end of the explosion tube. The records are reproduced in this paper at approxi mately five-sixths their original dimensions.
The line diagrams which follow all refer to the explosion tube and are representations, not to scale, of the conditions for each experiment or set of experiments. In each diagram S indicates the point of ignition and R and E the positions of restrictions or enlargements o f the crosssection of the tube. The records to which a line figure refers are denoted in corresponding Roman numerals beneath it.
E x p e r im e n t a l
Flame and Shock Waves in a Comparatively Slowly Burning Mixture-Figs. 3 to 5, Plate 8. For the first series of experiments, the steel section was used alone as the explosion tube. The length of the tube when closed at both ends was therefore 30 cm, and the whole progress of the flame was photographed. A rather dilute mixture of ethylene and Explosion Waves and Shock Waves 421 III, IV, V. X X IV , X X V , X X V I, X X V II, X X V III, X X IX .
oxygen, containing 15% of ethylene, was used and was ignited close to one end of the tube by an electric spark of moderate intensity-a break spark from a small induction coil. Wide variations could be made in the energy of this spark, by alteration in the primary current passing through the induction coil, without any apparent change in the mode of propa gation of the flame. Fig. 3 is a reproduction of a moving-film record, obtained by direct photography, of the passage of flame through the mixture. The spark can be seen as a white spot near the upper right-hand edge of the record, but the feebly luminous flame is not visible until it has travelled about 4 cm, after which its speed begins to increase rapidly. From 10 cm the flame speed is approximately uniform until at a point 5 cm from the far end of the tube there is an abrupt arrest. This arrest is distinct from the gradual retardation observed in a long tube, or in a short tube with a much more slowly moving flame, when it is due to the contact of the sides of the elongated flame with the wall of the tube.* That the arrest is due to a different cause in this experiment is indicated by the increased luminosity which spreads backwards from the arrest point through the flame and hot gases behind, evidence of the passage through them of a shock wave. This shocjc wave is reflected in turn at each end of the tube and still further increases the luminosity of the hot gases, but loses speed after its reflection at the ignition end of the tube.
The cause of the arrest is at once apparent from the wave-speed camera record of a repeat explosion of the same mixture, and is seen to be, as suggested by Dixon, a wave reflected from the end of the tube distant from the spark. This record is reproduced in fig. 4 , and is explained in the accompanying diagram, fig. 5 . It will be seen that the flame, shown in this type of record as a dark line, begins to travel, though extremely slowly at first, immediately the spark has passed. Thus the non-appear ance of a record o f flame close to the spark in a direct photograph is not an indication of an " induction period," as is sometimes supposed, but merely shows that the slowly moving flame is not actinic enough to affect the photographic film used.
According to the usually accepted explanation, the wave coming from the far end of the tube which caused the arrest of the flame was a sound wave arising originally from the spark. Such a wave would have travelled from the spark to the end of the tube and back to the advancing flame, a total distance of 35 cm, in almost exactly 1 millisecond, and would therefore have had a speed of 350 metres per second, which is appreciably higher than that of sound (about 320 metres per second in this mixture at N.T.P.). The wave from a feeble spark such as was used in these experi ments does in fact produce a comparatively gentle shock wave, which moves slightly faster than sound, and this is occasionally registered by the wave-speed camera. Its approximate position is shown by the dotted line in fig. 5 , and it is evidently not this wave which causes the retardation of the flame.
The wave sent out by the spark is followed by a continuous series of waves from the flame as it moves forward, owing to the expansion of the burning gases. These waves are feeble as the flame moves slowly but increase in intensity as the flame increases in speed. It is apparently at the point where the flame is accelerating most rapidly that the strong shock wave which later arrests the flame has its origin. The single wave, appearing as a white line in fig. 4 , is shown in other photographs to result from the coalescence of a large number of successive waves from the flame front in this region, each apparently travelling at a speed slightly greater than its predecessor.
The apparent speed of this wave decreases as the wave travels towards the end of the tube. It is im portant here to distinguish between apparent and true speed of the wave. The speed measured directly from the records is of the motion of the wave relative to the wall of the tube and is an " apparent " speed. The " true " speed is the speed relative to the gas mixture. Thus, if a sound wave were moving at a " true " speed of 330 metres per second in air flowing in the same direction along a tube at a speed of 100 metres per second, its " apparent " speed would be 430 metres per second. The speeds of waves given in this paper are " appar ent " speeds. Loss of energy by the wave is insufficient to account for any reduction in its true speed over the short distance measured, and indeed later waves should reinforce it and make it move faster. The change in speed observed is no doubt due to change in motion of the gas through which the wave is moving. The sound wave shown as a dotted line in fig. 5 marks at first the boundary of disturbed g as; behind it as far as the flame front the gas is moving to the left and the speed of its movement will be added to that of the wave moving in it. When the shock wave over takes the sound wave, the gas ahead of it is no longer in motion and the wave now travels at a lower apparent speed equivalent to its true speed in the gas mixture. The wave travels at an approximately uniform speed of 550 metres per second from a point not far distant from that at which the shock wave overtakes the sound wave.
On reaching the end of the tube the shock wave is reflected; it is still a compression wave but as it is moving in the opposite direction it is recorded as a black instead of a white line. It will be seen that the assumption made by earlier workers that the speeds of incident and reflected waves are the same is incorrect. It is probable that the shock wave loses energy on collision with an obstruction, which would account for the loss in speed either partly or wholly. Further, the reflected wave is moving backwards in gas which is being moved forward after the main wave has passed through it. The latter effect can only be small since the gas mixture must be stationary at the end of the tube and there is little sign of diminution in speed as the wave moves away from the end into gas capable of motion. That these effects are operative is shown by the fact that the reflected wave moves backwards at an apparent speed of 310 metres per second, which is less than the speed of sound in the gas mixture.
On reaching the flame and passing through it into the hot gases behind, the speed of the wave increases abruptly from 310 to 1380 metres per second. The marked increase in luminosity then observed in 'the hot gases, as shown in fig 3, has been generally accepted as proof that these gases are " still burning," the intensity of combustion being supposed to be increased as the pressure is raised by the shock wave passing through them. There are several reasons for doubting this conclusion. It is difficult to imagine that combustion, incomplete in the flame-front, can persist during the length of time indicated by these records. The luminosity does not seem to vary as the wave moves along, whether it is travelling through gas only just traversed by flame, or through gas around the spark which had begun to burn much earlier; further, the increase in luminosity occurs not only in the wave but in the gases behind the wave. If the intensity of the illumination be taken as a criterion of the amount of combustion, there should be more combustion taking place behind the wave than there had been in the flame; and there should be more still after the wave has been reflected from the ignition end of the tube and as successive reflected waves pass backwards and forwards through the mixture. It would appear probable, therefore, that the re illumination is a result of compression by the shock wave and is not necessarily accompanied by appreciable further combustion or generation of energy. The gases are already hot before the wave passes through them ; a very little further combustion therein might result in a great increase in luminosity. U p to the time when the first shock waves appear in the photographs on Plate 8 the total pressure produced m ust be small, and the fact that their appearance corresponds with the period o f acceleration o f the flame probably means that the accelerating flame produces them, and that they do not arise from the gases behind the flame-front. In other records, however, stronger waves appear, the origins of which are undoubtedly in the gases behind the flame, the most im portant being the " initiating wave " which arises from a region closely behind the flame-front. An example is shown later, in fig. 31 , Plate 13. The possibility of these stronger waves being due to the sudden release of energy latent in the burnt gases must be considered. Even in the experiment recorded on Plate 8, the increase in speed of the flame and the sudden appearance of a shock wave may be due to such a cause.
The mean speed of the flame from the spark to the point of arrest is 250 metres per second. After its arrest, the flame travels slowly towards the end of the tube. It is arrested again and is finally pushed forward by the later wave from the ignition end of the tube. The behaviour of the waves and flame after the arrest is not very clear in figs. 3 and 4, though it is evident that there are many waves sent out through or from the flame which, after reflection at the end of the tube, retrace their path and retard the flame. The behaviour of the waves and flame at the end of a tube in somewhat similar circumstances is shown clearly in the series of photographs on Plate 9.
The Effect o f Waves M e e t i n g , Flame-Figs. 6 to 11, Plate 9. In order to examine the m utual effect o f waves and flame more thoroughly, longer explosion tubes were used, made up by attaching one or more brass extension tubes to one side of the steel section, so that the latter was always at one end. For the wavespeed records reproduced in figs. 6 and 7, the tube was 95 cm long and consisted, as will be seen from the line diagrams, of the steel section with
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two brass extension tubes. The gas mixture used had the composition C 2H 4 + 0 2, and is one which does not detonate readily. In the first experiment, fig. 6 , ignition was at a point 15 cm from the right-hand end of the tube, whilst in the second, fig. 7 , ignition was at the end. The most striking feature of fig. 6 is the low rate of movement of the flame (shown as a wavy black line) near the far end. Though the shock waves in advance of the flame are not very clear in the reproduction, it is evident in the original record, and can be judged from the reproductions o f later records in this paper, that they are largely responsible for the initial VII.
driving back of the flame. The considerable backward movement of the flame later appears to be due to suction from behind the flame-front, owing to cooling and contraction of the gases first ignited. The transference of the point of ignition to the end of the tube, fig. 7 , produces a flame which moves rapidly over the last section of the tube. The waves ahead of the flame are well marked in this record. The stronger waves which overtake and pass through the flame increase its speed, although at several points the flame is retarded and turned back after encountering reflected waves. On entering the field of view at the upper right-hand side, the flame has a speed of 370 metres per second, the wave emerging from it at the 10-cm m ark and shown as a white line having a speed of 450 metres per second. The first wave at the top o f the record, only visible during its later stages, is travelling at approxi mately 450 metres per second; it is a compression wave, being shown as a white line, and is reflected as a compression wave a t the end of the tube, changing from white to black when it changes its direction. It will be seen that the reflected wave strikes the flame and retards it at a point just before the shock wave from behind the flame passes through the surface. The reflected wave, from analogy with th at in fig. 4 , will continue to travel through the flame at an enhanced speed, but this photo graph indicates th at the wave is also reflected at the flame surface. As the flame surface is the boundary o f gas at higher tem perature and, pre sumably, lower density, the reflected wave should be a rarefaction wave, and in agreement with this it is noted th at the trace o f the wave remains black. A rapid succession o f similar traces, apparently also due to rarefaction waves, is to be seen a little later on the record a t the point where the flame remains almost stationary for a time. The existence o f shock waves o f rarefaction is, however, contrary to the laws of therm o dynamics, though the possibility th at analogous sound waves of very short wave-length may exist for a brief period, rapidly attenuating and becoming true sound waves, has been suggested to us by Professor Jouguet.* In accordance with this suggestion, it is noted in this record that the trace of each of the later waves dies away as it progresses, owing presumably to the density change becoming insufficient to cause refrac tion of the Schlieren illumination.
Other explanations may also be considered. The fact th at the trace o f the wave does not change character on reflection could be explained by a change in shape of the wave front, a convex-fronted wave being reflected as a concave-fronted wave. Such a change o f shape could be due to the reflecting surface o f a stationary flame or o f one moving back wards being different from that of a forward-moving flame. The work o f W o o d | has shown, however, that a concave-fronted wave would only persist for an extremely short interval, after which it would revert to its normal plane or slightly convex-fronted shape.
The first waves to appear show only a slight falling off in speed, indi cating that at this stage there is relatively little movement in the gases ahead of the flame. The traces of later waves, however, appear as curved lines, and indicate movement o f the gases in which they are travelling. The waves reflected from or emanating from the flame-front whilst it is almost stationary, immediately after the first arrest, increase in speed as they pass towards the end of the tube. The apparent change in speed of these waves is much more evident after the second arrest, when the flame-front is being pushed back fairly rapidly. The increase in speed of the waves as they travel towards the end of the tube must mean that the gas immediately in front of the flame is moving backwards with it, and that this backward motion decreases the farther the distance from the flame-front. On the other hand, when the flame is again moving forward rapidly after the first arrest, the compression wave reflected from the end of the tube is seen to be retarded a short distance in front of the flame, showing that the gas there is now moving towards the end of the tube. This effect is also shown in later photographs.
The forward movement o f the flame after the first arrest appears to be aided by a shock wave or series of shock waves which overtake and pass through it. Reaching the end of the tube first, these waves are reflected and meet the advancing flame, once more retarding it, until it is again pushed forward to the end of the tube by further shock waves passing through it.
This oscillatory motion of the flame appears to have points of similarity with that of the vibrating flames of methane and air or acetylene and air photographed by Mason and Wheeler.* A regularity of vibration similar to that in their photographs was not reproduced near the end of the tube with ethylene-oxygen mixtures, but more regular vibrations were obtained with mixtures of carbon monoxide and oxygen.
IL
:
Vibrations in the Flame-Front-The flame in a 2CO + O a mixture was found to be too slow in the tubes available to give satisfactory records for our purpose. A faster flame was obtained by using a tube 123 cm long and inserting a small restriction half-way along it. This restriction consisted of an annular brass ring 2 mm thick which reduced the diameter of the tube at that point to 1*9 cm. This method of accelerating the flame will be discussed in more detail later. A direct photograph of the flame travelling along the last section of the tube is reproduced in fig. 8 and a corresponding wave-speed camera record in fig. 9 . The photo-* ' Trans. Chem. S oc.,' vol. 115, p. 578 (1919), and vol. 117, p. 36 (1920).
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graphs are not identical, but they are sufficiently alike to show that the forward movement in each vibration is due to a wave from the hot gases assisting the flame, passing through and leaving it behind, whilst the backward motion is due to the collision between the flame and this wave after its reflection at the end of the tube in the manner suggested by Dixon.* fig. 4 , Plate 8, a wave meeting a flame was found to retard it and itself to pass through the hot gases behind at a greatly enhanced speed. In order to examine the reverse effect of a wave passing through the flame from the hot gases behind, an experiment was carried out with several restrictions in the tube, and with ignition at some distance from the end. The tube used was 98 cm long, the steel section again forming one end. Four restrictions, each consisting of an annular brass ring 2 mm thick and with a central hole 1 -3 cm in diameter, were placed at intervals of 7 -5 cm from each other, starting at the end remote from the steel section, and another similar restriction was placed 60 cm from the end, as shown in the diagram. The gas, which in this experiment was a mixture consisting of 95% 2CO + O a and 5% 2H 2 + 0 2, was ignited at a point 30-5 cm from the far end of the sieel section. W ith this arrangement the far end was not flush with the end of the windows as in earlier experiments.
Passage o f a Wave Through the Flame-Front-In
Under these experimental conditions, the sequence o f events is as follows. A flame travels outwards from the spark in each direction, slowly along the shorter limb of the tube (the steel section) and more rapidly along the longer limb towards the series of restrictions, so that it reaches these an appreciable time before it reaches the far end of the windows. On reaching the restrictions, the flame is rapidly accelerated and powerful shock waves are sent back along the tube past the spark gap; finally, these shock waves overtake the slowly moving flame in the steel section and pass through it, as shown in the direct photograph, fig. 10 , and the wave-speed photograph, fig. 11 . The speed of film for these photographs was five times as fast as for figs. 8 and 9. The first slow flame is travelling at a fairly constant speed * Loc. cit., p. 344. of about 11 metres per second. The shock wave which overtakes it moves in the gases behind the flame-front at a speed of 1140 metres per second, but its speed changes abruptly to 570 metres per second when it passes into the cold unbum t gas. A t the same time a wave, reflected from the flame surface, passes back through the hot gases at a speed of 740 metres per second. As this reflection takes place at a surface where the density of the medium is increased, the reflected wave is a compression wave. The main wave, after passing through the flame, is reflected at the end of the tube (in these photographs 3 cm beyond the field of view), and travels backwards at a speed of 450 metres per second until it reaches the flame, when it travels on through the hot gases at the enhanced speed of 990 metres per second. A second wave arising from the combustion in the restricted zone travels through the hot gases behind the flame at a speed of 1070 metres per second and then, after passing through the flame, travels at 400 metres per second through cold gas beyond. By a coincidence, the backward reflected wave from the end of the tube meets the flame at the instant the second forward wave from the restrictions strikes through. The part of the latter reflected at the flame-front is added to the wave passing into the hot gases, and this wave travels back wards at 990 metres per second, appreciably faster than the first single wave travelling in this direction through the hot gases.
When the first wave travelling from hot to cold gases passes through the flame-front it accelerates the flame, but the speed attained is much lower than that at which the wave advances. Any acceleration due to the second wave passing through the flame is countered by the effect of the reflected portion of the first wave, so that the flame-front remains almost stationary until driven along again by a later wave. The increased luminosity of the flame or hot gases each time a new wave passes through them is well defined.
This pair of photographs illustrates the limitations of direct photo graphy. Thus from fig. 10 it might be incorrectly concluded that the first wave that passes through the hot gases is totally reflected at the flamefront, whereas fig. 11 shows that it is only partially reflected, the main portion of the wave proceeding through the flame-front into unburnt gas.
Auto-ignition Ahead o f the Flame -Figs. 12 to 17, Plate 10, figs. 18 to 21, Plate 11. That auto-ignition could take place ahead of the flame was first shown by Bradshaw,* and has been confirmed by many other workers. It is most readily obtained at the end of the explosion tube. To investigate its production in this manner an explosion tube 125 cm long was used and * * Proc. R oy. S oc.,' A , vol. 79, p. 236 (1907). restrictions were placed at points along the tube found by experiment to give the desired effect, the restrictions consisting of brass rings 2 mm thick with a central hole 1 • 3 cm in diameter.
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For figs. 12 and 13 four restrictions were placed 7*5 cm apart, the first being at a point 37*5 cm from the spark gap which was at the end of the tube remote from the steel section. The mixture used was 2CO + 0 2. Two shock waves produced as the flame passed through the restrictions can be seen at the top of fig. 13 . The two waves this time do not coalesce,
presumably because they have either different intrinsic speeds or different radii of curvature. When the first wave reaches the end of the tube, the increase of pressure on impact increases the temperature sufficiently to cause ignition o f the mixture and a new flame moves comparatively slowly backwards. The reflected wave travels backwards in front of this second flame until it meets the original flame: advancing towards the end of the tube and pushes it back. The unburnt gas between the two flame-fronts is traversed by a large number of waves moving in either direction. The two flames ultimately coalesce.
For the experiments Recorded in figs. 14 and 15 an addition of 5% of electrolytic gas was made to the mixture 2CO + O a, the length of the tube was increased to 155 cm, and one restriction was placed at a point 117 cm from the spark gap. There is a similar sequence of events, but a new feature presents itself, in the region between the two flame-fronts. The reflected wave, as it travels back from the first point of auto-ignition at the end of the tube, ignites the gas mixture at several other points. The mixture in this region has been raised in temperature not only by waves which have passed through it but also by adiabatic compression owing to its own motion towards the end of the tube, and a number of tongues of flame can be seen to travel backwards in the region between the two main fronts.
Similiar auto-ignition ahead of the flame may be produced in gas in " pockets " in the wall of the tube, as shown in figs. 16 and 17. For these experiments the tube was 155 cm long with restrictions placed 61, 68-5> and 76 cm from the spark gap, and for a length of 2 mm, between the end of the steel section and the end of the adjacent extension tube, the diameter of the tube was increased by 6 mm by inserting a brass plate 2 mm thick and with a central hole 3 r-rfD---___ ill s=:
'"ill it passes into the pocket and ignites the gas there, whilst the main portion proceeds down the tube. The flame so produced, swept forward in front of the main flame, is shown clearly in the records, increasing in size as it spreads backwards and forwards into unburnt mixture; in this manner the " ton g u e" of flame shown in the photograph is produced. There are other ways in which such tongues of flame may be initiated ahead of the main flame-front and not at a closed end. Figs. 18 and 19 , Plate 11, show an interesting example. The experiments were carried out in the same manner as those recorded in figs. 14 and 15 but 6% of electrolytic gas was added to the mixture 2CO + 0 2. In these records
the main flame-front has a very broken outline, a number of tongues being produced slightly in advance of the flame as it progresses. It will be seen from the Schlieren record, fig. 19 , that each of these tongues of flame has its origin in the powerful shock wave moving just in advance and slightly faster than the main flame. This wave later causes ignition at the closed end, and its intensity is shown by the luminosity and the high speed of the flame produced {cf. figs. 13 and 15 ). For such auto-ignitions ahead of the flame a high speed of flame is not necessary, as is shown in figs. 20 and 21, the film speed for which was only one-fifth of that for figs. 18 and 19. The mixture 2CO + O a was used and the experimental arrangement was as follows: the tube was 95 cm long and ignition was at the end distant from the steel section; three restrictions, each reducing the diameter to 6 mm, were arranged along the first section of the tube so as to cause a rapidly moving flame, and then a section of tubing, 6 mm in internal diameter and 10 cm long, was inserted. Along this narrow tube detonation may be presumed to be set up, but this would die down immediately on reaching the wider tube beyond. The tongue seen just before the second arrest in the photograph in fig. 20 is siihilar to that shown in fig. 16 , although in this experiment there was no " pocket " at the point of origin of the tongue. From the Schlieren records it would appear that the gap between the two flames is filled with hot though not burning or luminous gases, and that ignition ahead is largely due to some turbulence or eddy effect throwing a portion of the flame in advance, though here again the tongue has its origin in the front of the shock wave. Identical direct and wave-speed records were obtained in repeat experiments.
The Movement o f Gas Ahead o f the Flame-Figs. 22 and 23, Plate 11. It is only in rare instances, for example in fig. 7 , that the earlier photo graphs show any indication of appreciable movement in the gas mixture ahead of the flame, as indicated by variations in the speed of the shock waves therein. W ith faster flames the indications may be marked, as in figs. 22 and 23. F or the record shown in fig. 22 the mixture 2CO + O a was ignited by a black powder fuse at the end distant from the windows of the tube, which was 155 cm long and had no restrictions. The first wave reflected from the end of the tube is seen to become almost stationary relative to the wall of the tube just before meeting the advancing flame. Before being retarded, the wave was travelling at approximately the speed of sound in 2CO + 0 2 (330 metres per second). The shock wave must retain this speed relative to the gas through which it is passing, so that the gas mixture immediately ahead of the flame must be moving at a speed of 330 metres per second. The speed of the flame, which is 610 metres per second, is much greater than the speed of sound in the cold gas.
That the shock wave when apparently stationary has a true motion relative to the gases is shown by what happens to it when it passes into the hot gases behind the flame. On account of the high temperature therein, the wave immediately begins to travel at a speed much higher than that at which the gases are moving in the opposite direction; hence it resumes its travel backwards relative to the wall of the tube.
From the curve of the trace of the wave just after it enters the hot gases, it is evident that there is a forward motion of the gas behind the flame-front which is apparently greater than that of the gas in front of the flame. Since the gases on burning in the flame are increasing rapidly in temperature, this state of affairs can only mean that there is a region just in front and just behind the flame in which the pressure is much higher than it is elsewhere. It is noteworthy that the region immediately behind the flame in fig. 22 shows increased luminosity. The bright band parallel with the flame-front may be due, however, to the flame being convexfronted, and may be a record of one side of such a flam e; but the band only appears with the more rapidly moving flames. From the slope of the trace of the wave it is evident that the marked movement of gas begins about 15 cm in front of the flame and continues for at least 4 or 5 cm behind it. At the point where the apparent change in speed of the wave is noted, a number of waves appear and these are evidently responsible for the driving forward of the gas ahead of the flame. It must be noted that a wave moving in one direction always falls in speed after collision with another wave moving in the opposite direction, and the diminution in speed of the reflected wave we have been discussing will be partly due to the effect of collision with forward moving waves. The waves appear to pass through each other, but it is possible that they are reflected on collision. Fig. 22 proves that a constant speed of flame does not of necessity mean quiescence in the gas ahead of the flame, as has been suggested by Bone and Fraser.* « A still more striking example of the effects of movement of the gas on the speed of the wave is shown in fig. 23 , where a reflected wave from the end is caused to reverse its direction completely and is driven back so that it again strikes the closed end. The mixture used for this experiment contained 45% of ethylene and 55% of oxygen, and was ignited by a spark at the end of a tube 95 cm long without restrictions. The wave driven back in fig. 23 reaches the end for the second time at approximately the same time as the flame, and as a result an extremely rapid and powerful wave travels back through the hot gases, rendering them intensely luminous. The phenomenon observed here is similar to that observed by Dixon, who noted that an extremely violent " retonation " wave was sent back along a tube if detonation was set up at the end of the vessel immediately before the flame arrived there.
The Initiation o f Detonation in a Short Tube-Figs. 24 to 29, Plate 12. We have so far considered only the behaviour of waves appearing in conjunction with flames other than those of detonation or giving rise to detonation. The initiation and incidence of detonation were examined in the first place with strong mixtures in the shortest tube, namely, the steel section only, as for the experiments recorded on Plate 8. W ith the mixture C 2H 4 + 3 0 2 it has been shown* that detonation is set up after a run of only 6 cm in a tube 1 metre long, and an almost identical result was obtained in the present series of experiments with the tube only 30 cm long. Slight changes in the composition of the mixture caused the starting-point of detonation to recede farther and farther from the point of ignition. Fig. 24 is a wave-speed record with the mixture C 2H 4 + 4 0 2. In this, as in other wave-speed records on the same Plate, the shock wave from the spark, as shown in broken line in fig. 5 , is recorded distinctly, and a number of shock waves are sent out in advance of the flame in addition to the wave sent out when the flame accelerates. When comparing this record with that in fig. 4 it must be remembered that the flame there is travelling more slowly, the record being obtained with a film moving at a lower speed. In fig. 24 the first waves on reaching the end of the tube are evidently intense enough not only to ignite the gas mixture but to initiate detonation instantaneously therein. The detonation wave starting at the end of the tube is very brilliant, and the photograph is evidently affected by halation, but the continuation of the detonation wave as a shock wave in the hot gases appears to take place with little change in speed, though with diminution in luminosity.
With a rather more dilute mixture, containing 18% of ethylene, the shock waves striking the end of the tube in fig. 25 were evidently not powerful enough to ignite the gas there, but on collision with the flame after reflection at the end sufficient further rise o f temperature appears to have been caused to initiate detonation in the flame-front.
W ith a mixture containing 30% of ethylene detonation is set up in a manner which in our experience is the most usual, that is to say, in the flame-front without the aid of reflected waves or the impact of waves with an obstruction such as a closed end. A direct photograph is reproduced in fig. 26 and a wave-speed record in fig. 27 . It is evident that the gas mixture in this experiment has been prepared for detonation before the flame reaches it, that is to say, it has been pre-heated temporarily by a number of shock waves which have passed through immediately in advance of the flame, and more permanently by adiabatic compression. It will be noted that the wave reflected from the end of the tube moves more rapidly back through the hot gases than the retonation wave, pre sumably because the gas mixture through which the reflected wave is * Paym an loc. cit., fig. 10 . travelling has been raised to a higher tem perature by the passage of the retonation wave through it. The uniformity in speed of the reflected wave appears to negative the alternative suggestion that it is travelling through gas set in m otion by the retonation wave.
A combination o f the effect o f waves sent ahead o f the flame before and after reflection at the end o f the tube is shown in the direct photo graph fig. 28 , and the wave-speed record fig. 29 . An 18%-mixture of ethylene and oxygen was used, but in these experiments sufficient increase in temperature was evidently caused by the collision o f norm al and reflected waves moving in gas already heated by adiabatic compression to ignite the gas mixture ahead o f the flame, and to cause immediate detonation. Though this possibility was doubted by Dixon, it has been proved by the experiments of Campbell and W oodhead,* Egerton and G ates,f and Bone and Fraser. J It would no t appear necessary to stipulate the presence of reflected waves, for the rise in tem perature might equally well be due to concentration o f pressure caused by one powerful wave overtaking another; it has not been found possible, however, to reproduce these conditions in the apparatus at our disposal, though the tongues of flame? seen in figs. 18 and 19 may have been caused in this manner.
The bright band immediately behind the flame front is again noticeable in the direct photographs, figs. 26 and 28.
The Initiation o f Detonation in Longer to 34, Plate 13. The setting up of detonation has been examined further under various conditions in a longer tube. F or fig. 30 a mixture containing 50% o f ethylene was ignited in an unrestricted tube 95 cm long, the last 30 cm being photographed. Here again detonation is set up in the flame-front, which is passing through gases which have been heated both by shock waves slightly in advance and by adiabatic compression. Reflected waves are also much in evidence; the third may have contributed to the setting up of detonation here, though the two earlier waves have had the effect of slowing down the flame. The retardation of the reflected waves as they approach the flame is very clearly marked, as is also the loss in speed of the incident waves as they travel from the flame to the end of the tube, an effect due partly to collisions of waves passing in opposite directions and partly to the forward movement of the gas, which becomes less and less as it approaches the end of the tube.
In order to obtain initiation of detonation further from the end of the tube, a more strongly explosive mixture was used, containing 45% of ethylene, and an extra 30-cm length was added to the explosion tube. Direct and wave-speed records are reproduced in figs. 31 and 32. Though there is evidence of waves passing through unburnt gas mixture in front of the flame before detonation is set up, the detonation in this experiment has its origin behind the flame-front, the " initiating wave " * being clearly seen, and the detonation and retonation waves start forward and backward from the point where the initiating wave overtakes the flame-front. The initiating wave appears to have its origin in that region behind the flamefront where it has been shown there is a marked local increase in pressure.
The effect of a deliberately induced initiating wave is shown in figs. 33 and 34. The experimental method used for figs. 10 and 11 was used, with a more explosive gas mixture containing 40% of ethylene. The tube used was 67 cm long; it consisted of the steel section and one brass section 30 cm long. The brass section contained three restrictions,
placed 15 cm, 22-5 cm, and 30 cm from the end, each restriction having a central hole half the .diameter of the tube. The gas was ignited at a point 30 cm from the end of the steel section; this end did not correspond with the end of the windows, but was 3 cm beyond them. The spark gap was intentionally placed away from the axis of the tube so as not to interfere with the light transmitted through the windows. The beginning of the flame is therefore not recorded, but shortly afterwards the flame can be seen to be moving outwards towards each end of the tube at approximately the same speed, the equality being due to the fact that the point of ignition is nearly midway between the two ends of the tube. One portion of the flame proceeds smoothly along the steel section, but when the other passes into the restricted portion of the brass tube, a powerful shock wave is set up which travels back and overtakes the flame-front in the steel section, instantly setting up detonation there. A short initiating wave can be seen to develop just behind the flame-front immediately before detonation is set up. This experiment demonstrates once more the ability of the " initiating wave " to overtake the flame and set up detonation.
* Payman,
cit.
The Initiation o f Detonation by Means o f a Plate 14 . The next series was carried out some time ago as a con tinuation of earlier experiments, in an unsuccessful attem pt to find a simple method of measuring the " strength " of a detonator. It was thought possible that the distance taken for detonation to be set up in a gas mixture which detonated with difficulty, such as carbon monoxide and oxygen, might be related to the strength of the detonator. The mean initial speed of the shock wave sent out by a detonator through the atmosphere had been found* to vary but slightly with detonators of different strengths, increasing to a maximum as the weight of fulminate was increased, when further increase caused no alteration in the speed of the wave. In these experiments, the mixture used was of composition 2CO + 0 2, saturated with water vapour at 10° C and was contained in a glass tube 1 • 3 cm in diameter and 1 metre long. In order to measure the " end effect," each detonator was placed in a central hole in a rubber stopper at one end of the explosion tube, so that only the end of the detonator was in contact with the gas mixture. The first 80-cm length of the tube was photographed by direct photography, using a film speed o f 70 metres per second.
It was found, contrary to the statement of Le Chatelier,f that detonation was set up instantaneously, and always at a rate higher than the normal, with any of the usual sizes of commercial copper-cased fulminate-chlorate detonators and with a No. 6 aluminium-cased azide-tetryl detonator. The tendency of the detonation wave to have an abnormally high speed immediately after initiation has been frequently observed. The mean speed of the wave over successive 20-cm lengths of the tube with each detonator is given in Table I . It will be seen that the rate is higher in each section the weaker the detonator used. In no instance did the speed of the wave fall below the rate of detonation, that is the steady rate which is attained after the wave has travelled beyond the sphere of influence of any initial impetus imposed when detonation begins, and which is about 1740 metres per second in this m ixture*; only with the two strongest detonators did it fall to this speed even in the last section photographed.
It is evident that the rates give no measure o f the relative strengths of the detonators. This is emphasized by the result with the No. 6 azide-tetryl detonator, with which the measured rates are throughout greater than with any fulminate-chlorate detonator. The apparent diminution o f initiating effect with the heavier fulminate detonators recalls the analogous results obtained in " gap tests," using an ammonium nitrate explosive as receptor, recorded in Part II. t
Two typical records are reproduced in figs. 35 and 36. Fig. 35 shows ignition by the strongest fulminate-chlorate detonator, No. 8, and the usual striated flame. W ith ignition by the azide-tetryl detonator, fig. 36 , the flame is not striated. As little as 0-5% of hydrogen added to the mixture caused the striations to disappear also when the fulminatechlorate detonator was used.
The Effect o f Restrictions-Figs. 37 to 39, Plate 14. Various methods have been used to influence the initiation o f detonation by imposing shock waves on the flame. Perhaps the most easily produced shock wave is th at from an electric spark, but the wave from a comparatively weak spark is feeble and soon dies aw ay; with a more intense spark unknown electrical effects may be introduced. D etonators give shock waves which are powerful, but these are not simple waves, being usually affected by the presence of solid particles from the detonator case and the detonating composition, and by the gaseous products of decomposition of the latter. In the present paper it has been thought desirable to limit the shock waves used to those produced by the burning gas mixture itself, so avoiding all external complications, using restrictions in the tube fo r this purpose.
The use of annular restricting rings was first suggested by M ason and Wheeler, % and was shown by them to enhance greatly the speed of flame in the slow-burning methane-air mixtures. We have found that the method can be used for producing powerful shock waves in more rapidly burning mixtures and for initiating detonation very readily in mixtures which only set up detonation with difficulty in tubes o f smooth bore. Thus, with the mixture 2CO + O a, which normally requires a long run, detonation was set up after a travel of only 60 cm in a tube 2*5 cm in diameter and 95 cm long containing five of the thin annular brass restric tions at 7*5, 15, 22*5, 30, and 37*5 cm from the point of ignition.
The effect of a restriction in initiating detonation in a mixture of ethylene and oxygen is shown in fig. 37 , for which the experimental conditions were the same as for the record shown in fig. 3 , Plate 10, except that a restriction was placed at the centre of the third window; its position may be gauged from the additional thin black line where it cuts out the light in the centre of the left-hand section of the record. The flame starts out from the spark at the same speed until it is arrested, much earlier this time, and apparently by a wave reflected from the restriction. Later, the flame passes through the restriction, increasing in speed as it does so, and a short time afterwards a wave leaves the restriction, travelling in both directions and doubtless initiating detonation in the flame-front as soon as it overtakes it. This powerful wave has its origin at the restric tion, presumably because there has been a piling up of gas, and therefore of pressure, with a greatly increased temperature at that point.
Another mode of action of a restriction is shown in the wave-speed record, fig. 38 , the mixture being 2CO -j-0 2 with an addition of 10% of 2Ha + 0 2. The tube was 155 cm long and had one restriction, this time in the centre of the right-hand window. A powerful wave is seen to ignite the gas mixture on striking the restriction and secondary flames travel comparatively slowly away, forwards to be later overtaken by the main flame and backwards to meet it. Here again a powerful wave leaves the restriction shortly after the flame has passed through, and initiates detonation on passing through the flame-front. Fig. 39 affords an interesting comparison. The same tube was used but with the more slowly burning mixture 2CO + 0 2, and a second restriction was placed at the centre of the middle window. Here the accelerating effect of the restrictions is not so great, the interesting point being that the shock wave on reaching the second restriction does not cause ignition but pushes the gas forward in the vortex ring formation studied by Shepherd.*
D is c u s s io n
When an inflammable gas mixture is ignited in a tube the behaviour of the flame depends to a large extent upon whether the ends of the tube are open or closed. The present research has been limited to an examina tion of the propagation of flame and the shock waves produced thereby in a closed tube. In order to examine w hat happens during the propagation of flame, it will be necessary to discuss the conditions which obtain in cold and hot gases and the production, form, and effect of shock waves in rather greater detail than has been done previously.
When a flame travels through a gas mixture in a closed vessel the gas must be set in m otion in front and behind in all circumstances other than those of detonation, which we shall neglect for the moment. The hot gases produced by combustion in the flame will expand and push forward the cold gas in front and push backwards the hot gas behind the flame, always tending to equalize the pressure in front and behind. It is clear that this tendency will be m ore effective the slower the flame. W ith the slowest flames the relative m otion of gas forwards and backwards will depend upon the length o f the column o f gas in front and behind the flame, for, to obtain an equivalent compression, movement must be greater the longer the column. This is well illustrated by the experiments of Ellis,* who ignited gas mixtures asymmetrically in long closed tubes and found that the two flames so produced, moving in opposite directions, travelled faster along the longer than along the shorter limbs, and always tended to reach the two ends o f the tubes a t the same instant. In the experiments described in the present paper, the photographs are always taken at one end o f the tube, usually with the flame moving towards that e n d ; the am ount o f m otion ahead o f the flame will be a t a minimum in these circumstances. The m otion o f the gas will be further complicated by the cooling of the hot gases by conduction to the walls, the resulting reduction in pressure causing a suction effect, drawing backwards the gas behind the flame and sometimes even the flame itself.
This does not imply that a constant speed o f flame is not possible for a period in such circumstances, though it is unusual. This is illustrated by the experiments of Stevens,f who ignited a mixture at the centre o f a soap bubble; the bubble increased in size as the flame expanded and pushed the gas ahead of it forward, but a constant speed of flame was obtained. A simple calculation enabled Stevens to allow for the motion of the gases ahead o f the flame and thus to find the fundamental speed of the flame, that is to say, the speed due to transfer of heat only. It would obviously be difficult to obtain the fundamental speed of flame from any measurements o f constant speed in a closed vessel, for too many factors would have to be taken into consideration even if they were all known or measurable. The fundamental speed can, however, be calcu-lated and the necessary allowances made either (1) when the gas mixture is burning in a bunsen burner* or (2) when the flame is travelling from an open to a closed end so that the uniform movement of flame is measured.-} -In the former method allowance is made mainly for the speed of the gas current; and in the latter allowance is made only for the shape of the flame, there being no measurable forward motion ahead of it, and the motion of the hot gases backwards having no apparent effect, provided that the flame is sufficiently close to the open end to enable them to escape readily into the air. The fundamental speed is lower than the measured speed when the flame is in motion in a stationary gas mixture.
With slowly moving flames the speed is therefore dependent almost entirely on three factors: (1) the fundamental speed, (2) the shape of the flame, and (3) the speed of the gas mixture. This is no longer true with more rapidly moving flames because (1) conditions may be produced where the pressure is no longer even approximately uniform in the gas mixture, and (2) shock waves may be produced and have a specific effect on the flame. The dividing line was suggested in an earlier p ap er| to be roughly that defined by the speed of sound in the cold gas. Marked variations in the pressure of the gas mixture other than that in the shock waves themselves are illustrated, for example, in fig. 22 , Plate 11, and have already been discussed briefly. In fig. 22 there is an increase in pressure immediately in front and behind the flame. This is due to the gas set in motion by the flame being unable to move forward as rapidly as the flame is attempting to push it in virtue of the expansion of the gaseous products of reaction. The piling up of pressure is more readily comprehended if the flame and expanding gases are regarded as a solid piston moving along a closed cylinder. With a slow motion, the gas ahead of the piston is at approximately uniform pressure at any one instant, but the velocity of layers of gas varies gradually from a maximum immediately in front of the piston to zero at the far closed end of the cylinder. With a rapidly moving piston, the gas in the region immediately in front of it will be at high pressure and moving at high speed whilst that a short distance away will be approximately at its original pressure and will be stationary. §
This picture of what happens with a flame moving rapidly along a tube is important, for it implies that with such a flame the gas ahead will have been compressed and so heated above its original temperature. Reaction • in this mixture may be presumed, in virtue o f the higher initial temperature, to be initiated more rapidly; thus we have the necessary additional conditions for the sudden setting up of detonation in advance of or in the flame-front, for detonation is presumably set up owing to a suddenly increased rate of reaction. Further, since the compression in the unburnt mixture is confined to layers of gas immediately in front o f the flame, the heat of compression is not lost to the wall of the tube before the flame reaches them, as it would be with the slower type o f compression. The conditions as the speed increases are also such as to cause a cumulative increase in the flame speed.
Comparatively little is known about the effect o f pressure on the speed o f flame. The high pressure immediately behind the flame-front will, however, result in a more rapid recom bination of ions and a more rapid release of the latent energy remaining in the gases behind the flame. This would possibly account for the appearance o f the initiating wave a short distance behind the flame when this energy is released, with the result that detonation is set up as soon as this wave passes through the flamefront ; a similar series of events may be responsible for the milder waves which emerge from the flame soon after its inception.
It will be convenient at this stage to consider the form ation of these waves and their effect. The form of the wave and the pressure therein are being examined in a separate section o f this research, but much information as to their character is to be obtained from the photographic records in this paper. A review of earlier w ork dealing with shock waves both mathematically and experimentally has been given in an earlier paper.* These differ from sound waves in that they travel faster, are o f greater amplitude, and are transient. They m ark the boundary o f the effect of the disturbance producing them bu t may travel much faster than it. The rise o f pressure in front o f the shock wave is almost instan taneous and the heating therein adiabatic, but the pressure is only main tained for an extremely short time when the wave advances ahead of the disturbance, and reduction of pressure and cooling may be equally rapid. Nevertheless, the effect o f such waves on flame propagation is im portant because (1) they will set in m otion the gas through which they travel, and (2) they may heat the gas for a sufficient length of time to begin chemical reaction which will be itself more or less self-supporting. The first effect is noticeable in many of the photographs in this paper, notably those on Plate 9; the waves may be seen to accelerate flames which they overtake and retard flames with which they collide. The Bd. L o n d .,' N o . 18 (1926) . second effect is most marked when a wave sets up detonation on passing through the flame.
An acceleration of the flame forwards and a retardation or reversal may not always be due to a shock wave. In earlier stages the production of pressure by combustion has presumably been greater than the loss due to cooling of burnt gases; when the flame slows down the balance is upset and the cooling gases exert the greater effect. A second mode of arrest, shown more particularly in shorter tubes, and illustrated in the present paper in figs. 3 and 4, is due to a shock wave sent out by the flame; this type of retardation has been frequently observed by other workers. The acceleration of the flame by waves passing through it has also been observed by other workers, for the passage of waves in the hot gases is well marked in direct photographic records. The acceleration of the flame immediately following ignition must also be considered; this is no doubt due in some degree to the increasing size of the flame in its early stages.
The speed of the wave will depend not only on the motion but also, and to a more marked extent, on the temperature and density of the gas through which it passes. The effect of the motion of the gas has been generally overlooked, but that it may be appreciable is shown by figs. 22 and 23, Plate 11. The effect of the temperature and pressure of the gas has also frequently been ignored by investigators, who have assumed, in their explanatory diagrams, that shock waves travel at the same speed in a gas whether it be hot or cold. It is unsafe to assume that waves travelling through hot gases are more intense than those travelling through cold gases because of their high speed and the luminosity they produce. They may be travelling at speeds little greater than that of sound in the gas mixture at the temperature prevailing, implying that their intensity, in comparison with the pressure of the surrounding gas, is not very great. In the cold gas the shock waves travel at speeds much higher than that o f sound, so that their intensity may be considerably higher than that of shock waves travelling through hot gases at much higher speeds. Ignition may thus be brought about in shock waves travelling ahead of the flame, especially when they collide or overtake each other, when their amplitudes may be added, or when a wave is reflected from a closed end, when the pressure may be assumed to be momentarily doubled.
Detonation is a limiting condition when the effect of the shock wave is sufficient to cause immediate reaction in the gas through which it passes, the resulting combustion maintaining the original pressure in the shock wave. This implies that the true rate of detonation will be uniform under constant conditions of experiment, and that it will be the maximum stable rate. Nevertheless, the detonation wave on inception usually starts off at an abnormally high speed. There are two possible causes for this. As we have seen, the gas mixture in front o f a rapidly moving flame is itself moving forward rapidly and its speed will be added to the speed of detonation immediately after initiation. There will be no movement in the gas ahead of the detonation wave other than that set up before detonation was initiated. Secondly, and this will probably be more im portant, the energy of waves overtaking the flame will be added to that of detonation, causing an increase in speed until the added energy is dissipated. The latter effect is shown particularly well in the results obtained with detonators as means of ignition. It may (1) assist and increase the rate of a detonating mixture, or (2) cause apparent detonation in a mixture which w ithout it would certainly not m aintain detonation.
The origin of the shock waves which have such a marked effect on the speed of the flame is evidently (in the absence of artificially imposed waves) always in the flame-front or a short distance behind it. Though the cause of their production is still a m atter o f conjecture, their subsequent behaviour (and that of artificially imposed waves) and their effect on the flame are in accordance with the generally accepted views on the detona tion of gaseous mixtures.
S u m m a r y
A study has been made of the inflammation of certain gas mixtures by means of the wave-speed camera, in order to examine more thoroughly than is possible by direct photographic means the initiation of detonation and the production of shock waves and their effect on the flame prior to the setting up of detonation. The mixtures used were of ethylene and oxygen, which detonate with ease, and of carbon monoxide and oxygen which do so with comparative difficulty.
The speed of flame in a tube, before shock waves of appreciable intensity are produced, depends upon {a) the fundamental speed of propagation of flame by the transfer of heat, and (b) the motion of the gas in which the flame is moving. Arrest of the flame early on is then due to its sudden cooling when it first touches the wall of the tube; a similar effect may be produced when the flame is retarded near the end of the tube just before its final extinction. When shock waves are formed, they may push the flame forward at a lower speed than that at which they are passing through it, or they may retard the flame on meeting it after reflection from a closed end. Hence in a closed system the flame may be made to oscillate. , Plate S F ig . The effect of the wave from a spark of moderate intensity is negligible; the wave formerly assumed to be from the spark, and known to have a pronounced effect on the flame, arises in the flame, or possibly in the region immediately in the rear of the flame, some time after ignition.
2-The exp losion vessel
Shock waves do not necessarily travel throughout the unburnt gas at uniform speed relative to the wall of the tube, for the gas may be moving at varying velocities at different distances from the flame. Waves travelling from hot to cold gases diminish in speed, whilst they increase in speed on travelling from cold to hot gases; on meeting a flame they are partially reflected, with change of sign under suitable conditions, and partially transmitted. On collision with a solid obstruction they are reflected, usually at a lower speed.
Detonation may be set up either ahead of or, more usually, within the flame front, due to the effect of (1) waves travelling in front of or from behind the flame, (2) the collision or overtaking of wave and flame or wave and wave, or (3) the collision of a wave with an obstruction or the closed end of the tube.
Explosion Waves and Shock Waves
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The Adsorption of Hydrogen on Tungsten 
1-I n t r o d u c t i o n
When a gas atom or molecule strikes a solid surface it may either rebound, the collision being accompanied by an interchange of energy, or it may be adsorbed. In order to obtain a satisfactory interpretation of either type of phenomenon it is necessary to know the nature of the atoms concerned. This is comparatively easy for the gas, but the solid requires closer attention. The essential condition is that the surface of the solid is completely freed from adsorbed films of impurity before the experiment starts and remains free.
In the earlier papers* in which an account of the development of the present work on this problem has been given, it has been shown that the
